The flavor composition of astrophysical neutrinos observed in neutrino telescopes is a powerful discriminator between different astrophysical neutrino production mechanisms and can also teach us about the particle physics properties of neutrinos. In this paper, we investigate how the possible existence of light sterile neutrinos can affect these flavor ratios. We consider two scenarios: (i) neutrino production in conventional astrophysical sources, followed by partial oscillation into sterile states; (ii) neutrinos from dark matter decay with a primary flavor composition enhanced in tau neutrinos or sterile neutrinos. Throughout the paper, we constrain the sterile neutrino mixing parameters from a full global fit to short and long baseline data. We present our results in the form of flavor triangles and, for scenario (ii), as exclusion limits on the dark matter mass and lifetime, derived from a fit to IceCube high energy starting events and through-going muons. We argue that identifying a possible flux of neutrinos from dark matter decay may require analyzing the flavor composition as a function of neutrino energy.
The flavor composition of astrophysical neutrinos observed in neutrino telescopes is a powerful discriminator between different astrophysical neutrino production mechanisms and can also teach us about the particle physics properties of neutrinos. In this paper, we investigate how the possible existence of light sterile neutrinos can affect these flavor ratios. We consider two scenarios: (i) neutrino production in conventional astrophysical sources, followed by partial oscillation into sterile states; (ii) neutrinos from dark matter decay with a primary flavor composition enhanced in tau neutrinos or sterile neutrinos. Throughout the paper, we constrain the sterile neutrino mixing parameters from a full global fit to short and long baseline data. We present our results in the form of flavor triangles and, for scenario (ii), as exclusion limits on the dark matter mass and lifetime, derived from a fit to IceCube high energy starting events and through-going muons. We argue that identifying a possible flux of neutrinos from dark matter decay may require analyzing the flavor composition as a function of neutrino energy.
I. INTRODUCTION
In the era of multi-messenger astronomy, it is fair to say that we can not only see the Universe (using telescopes that cover the entire electromagnetic spectrum), but also hear the Universe (using gravitational wave detectors [1] ), and taste the Universe (using neutrino telescopes). Regarding the latter, we are of course referring to the possibility of measuring the flavor of high-energy neutrinos and of using this information to learn about the properties of astrophysical neutrino sources and about the properties of neutrinos themselves. Indeed, the non-trivial information offered by the flavor ratios of astrophysical neutrino fluxes has been studied ever since the discovery of neutrino oscillations [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , and the topic has received a tremendous further boost in 2013 [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , thanks to the discovery of a high energy astrophysical neutrino flux by the IceCube collaboration [20, 25, 32, 33] .
In this paper, we discuss in particular how the flavor ratios of ultra-high energy astrophysical neutrinos are affected in the presence of sterile neutrinos that have sizeable mixing with active neutrinos. Motivation for such scenarios comes for instance from the long-standing anomalies observed by some short-baseline oscillation experiments, in particular LSND [34] , MiniBooNE [35] , SAGE and GALEX [36, 37] , as well as several reactor neutrino experiments [38] [39] [40] (see also [41] [42] [43] ). Even though these results appear to be in some tension with non-observations in other experiments [44] [45] [46] [47] [48] [49] [50] [51] , they have motivated a multifarious experimental program aimed at testing them [52] . Compared to previous analyses studying high-energy astrophysical neutrino fluxes and flavor ratios in the presence of sterile states [3, 12, 14, 53, 54] , we will comprehensively include constraints from short baseline oscillation experiments. We will achieve this by using the numerical fitting codes underlying the global fit from ref. [47] . Moreover, we will include the possibility that the initial flux of high-energy neutrinos is dominated by tau neutrinos or sterile neutrinos in some part of the energy spectrum. This can happen for instance in scenarios where PeV-scale dark matter (DM) particles decay to high energy active or sterile neutrinos. The latter scenario is particularly interesting because the observed flavor ratios would depend mainly on the active-sterile mixing angles.
The outline of the paper is as follows: in section II we will collect the relevant analytic formulas for computing flavor ratios of high-energy neutrinos, and we will describe how we implement the constraints from oscillation experiments in our analysis. In section III, we will then present our results for the case of astrophysical neutrino sources and for a primary flux dominated by tau neutrinos or sterile neutrinos. We will show the accessible regions in the "flavor triangle" -the well-known ternary plot illustrating the fractions of electron, muon and tau neutrinos relative to the total flux of active neutrinos. In section IV we will discuss two toy models for heavy DM particles decaying to active or sterile neutrinos. These models serve as illustrative examples for scenarios with non-standard initial flavor composition. We will also constrain the parameter space of our toy models by fitting the HESE (high energy starting event) and TGM (through-going muon) data from IceCube. In section V, we summarize and conclude.
II. COMPUTING FLAVOR RATIOS IN THE PRESENCE OF STERILE NEUTRINOS
In the following, we discuss the production, propagation, and detection of high energy astrophysical neutrinos in the presence of an additional eV scale sterile neutrino ν s that is a singlet under the SU(3) c × SU(2) L × U(1) Y gauge group of the Standard Model (SM). High energy astrophysical neutrinos are usually assumed to be produced in the decays of high energy pions, which in turn originate in collisions of high energy cosmic protons with other nucleons or with photons. The ensuing flavor composition of the primary flux is then (Φ νe : Φ νµ : Φ ντ : Φ νs ) ∼ (1 : 2 : 0 : 0), unless muons rapidly lose energy before decaying, in which case the flavor composition of high energy neutrinos changes to (Φ νe : Φ νµ : Φ ντ : Φ νs ) ∼ (0 : 1 : 0 : 0) [55] [56] [57] [58] . Here, Φ να is the initial flux of neutrinos of flavor α. Alternative scenarios include neutrino production in neutron decay with initial flavor composition (1 : 0 : 0 : 0) [5] , or in decays of charm mesons, leading to a flavor composition of (1 : 1 : 0 : 0) [10] . In the literature, an initial flavor ratio of (0 : 0 : 1 : 0) is also studied for completeness [23] , despite the lack of a plausible astrophysical production scenario. In this work we will study a simple model for PeV dark matter decaying dominantly to the third lepton generation. We will also consider the possibility that part of the astrophysical neutrino flux is initially sterile, i.e. has flavor composition (0 : 0 : 0 : 1). Such a flux could originate, for instance, from dark matter decay into sterile neutrinos or from a dark sector with complex dynamics of its own, admitting the existence of "dark astrophysical accelerators" [59, 60] .
Neutrinos are initially created as flavor eigenstates, i.e. coherent superpositions of mass eigenstates, that begin to oscillate as they propagate through space. However, as the distance from a typical astrophysical neutrino source is much larger than the coherence length, only the averaged effect of these oscillations is observable at Earth. Oscillation probabilities can thus be computed by treating the initial flux as an incoherent superposition of mass eigenstates. This approach is further justified by the fact that different neutrino mass eigenstates propagate at slightly different group velocities. By the time a neutrino arrives at Earth, its different mass eigenstate components are therefore separated in space and time and can no longer be detected coherently. With these considerations in mind, the flavor conversion probabilities for high energy neutrinos in a world with n (active + sterile) neutrino flavors are [61] 
where U is the n × n leptonic mixing matrix. In this work we focus on the case n = 4 and adopt the parameterization [47, 62] 
As ∆m 2 21 , ∆m 2 31 are well measured and not related to a rotation matrix, we fix them at |∆m 2 21 | = 7.5 × 10 −5 eV 2 and |∆m 2 31 | = 2.4 × 10 −3 eV 2 . In order to explore the viable parameter space for neutrino oscillations, we randomly generate 10 7 parameter sets Θ.
For each parameter set, we randomly draw ∆m 2 41 between 0.1 eV 2 and 10 eV 2 . As for the mixing angles and phases, we take them to be distributed according to the Haar measure [63] [64] [65] , which reads in the four flavor case
In other words, the distributions of sin 2 θ 12 , sin 2 θ 23 , cos 4 θ 13 , etc., are flat. By generating parameter points according to the Haar measure, we ensure that our prior distribution is independent of the chosen parameterization of the mixing matrix [63] . Already when generating parameter points, we restrict the three standard mixing angles θ 12 , θ 23 , θ 13 to their experimentally allowed 3σ ranges based on a three-flavor fit using the global fitting code from ref. [47] . Afterward, we process all generated points with the same code, but including sterile neutrinos. Our code includes the experimental data sets listed in table I. This allows us to assign a global χ 2 value to each parameter point.
We then use Bayesian statistics to determine the credible intervals for the parameters (see for instance ref. [66] ). For each parameter set Θ, the probability of obtaining the observed data is given by
The unconditional probability P (data) = dΘ P (Θ) P (data|Θ) in our case is obtained by integrating P (data|Θ) over all parameter sets. We choose a flat prior, P (Θ) = const., in accordance with our assumption that parameter sets have a flat distribution in the Haar measure. We now apply Bayes' theorem [66] 
to obtain the posterior probability P (Θ|data) of a given parameter set Θ, given the data. The α% credible region in parameter space is then obtained by ordering the parameter points in descending order in the posterior probability:
All parameter points Θ i with i < i max are included in the α% credible interval, all other points are excluded. 
Oscillation experiments used in our analysis, based on the global fit from ref. [47] . The column labeled "Oscillation channel(s)" indicates whether a given experiment is measuring disappearance or appearance of (anti)neutrinos.
III. PREDICTED NEUTRINO FLAVOR RATIOS
A useful tool in studying neutrino flavor ratios is a ternary diagram ("flavor triangle") as shown in fig. 1 (a) . The three axes correspond to the fraction of neutrinos detected as ν e , ν µ , and ν τ , respectively. The predicted flavor ratios at Earth in the absence of sterile neutrinos are shown as colored regions in fig. 1 for different assumptions on the composition of the primary flux. These regions correspond to 95 % credible interval. In obtaining these credibility regions, we have followed the approach described in section II, based on the global fit from ref. [47] , but we show for comparison also the preferred regions based on the more recent results from ref. [67] (dashed black contours) and ref. [68] (dashed gray contours). To obtain the latter, we assume the likelihood distributions for sin 2 θ 12 , sin 2 θ 13 , and sin 2 θ 23 to be Gaussian, with central values and widths taken from ref. [67, 68] . For the phase δ 0 , we assume a flat distribution in the interval [−π, π]. Note that we show only results assuming a normal mass hierarchy (NH) here. We have checked that the plot changes very little for the inverted hierarchy case. We also note good agreement between our results and those of refs. [23, 24] . Comparing the colored region in fig. 1 (a) to the 68% and 95% CL exclusion regions provided by IceCube (black contours) [69] , we observe that only a neutron decay source with initial flavor composition (1 : 0 : 0) is in some tension with the data.
In fig. 1 (b) , we illustrate in more detail how the flavor composition of astrophysical neutrinos at Earth in the standard 3-flavor scenario varies with the initial composition, which we assume here to be of the form ( [47] . For comparison, we also show results based on the more recent fits from ref. [67] (black dashed contours) and ref. [68] (gray dashed contours). Black solid contours indicate the flavor ratios preferred by IceCube data at the 68% and 95% confidence level [69] . Note that we show only results for normal neutrino mass ordering (NH) since the plot for inverted ordering would be almost identical. (b) Variation of the fractional ν e , ν µ and ν τ fluxes at Earth as a function of the initial ν e fraction x, assuming an initial flavor composition of the form ( fig. 1 also the possibility of a purely sterile initial flux, (Φ νe : Φ νµ : Φ ντ : Φ νs ) = (0 : 0 : 0 : 1). We show in color the parameter points corresponding to the 68% (left), 90% (middle) and 95% (right) credibility intervals from a global fit to short and long baseline data [47] (see text for details). The regions delineated by dashed black lines are the corresponding intervals without sterile neutrinos from fig. 1 . Large solid black contours correspond to the IceCube constraint on the flavor ratios [69] . Once again, the results shown here are for normal neutrino mass ordering. fig. 2 , but excluding the anomalous data sets from LSND, MiniBooNE, short-baseline reactor experiments, and Gallium experiments in constraining the sterile neutrino mixing parameters. credible interval obtained from the Bayesian global fit described in section II. By comparing to the credible intervals in the 3-flavor case (black dashed contours in fig. 2 ), we see that, for initial flavor compositions consisting only of active neutrinos, the situation is very similar to the standard scenario without sterile neutrinos. Large deviations from the 3-flavor situation are not possible given that active-sterile mixing angles are constrained to be O(10%) [47] . On the other hand, for flux components that are initially purely sterile (cyan regions in fig. 2 ), the observed flavor ratios at Earth are preferably in the lower left part of the flavor triangle, with relatively large ν τ component and much smaller ν e and ν µ admixtures. This is also easily understandable: θ 34 is much more weakly constrained than θ 14 and θ 24 , so that P νs→ντ can be large [47] . Comparing to IceCube constraints (black contours in fig. 2) , we see that an initial neutrino flux consisting purely of ν e (e.g. from neutron decay) is disfavored, as in the standard 3-flavor case. A purely sterile initial flux is still allowed, depending on the exact values of the mixing angles. Note, however, that IceCube constraints are based on the whole neutrino energy spectrum above few × 10 TeV, and that an initial flux consisting only of ν s throughout this energy range seems not very plausible theoretically.
FIG. 3. Same as
For illustration, we have also investigated how the results shown in fig. 2 change when the short-baseline anomalies from LSND, MiniBooNE, short-baseline reactor experiments, and Gallium experiments are disregarded, see fig. 3 . We see virtually no change compared to fig. 2 , which indicates that the global fit is dominated by the null searches. The largest differences are observed for purely sterile initial flux, where the preferred flavor ratios at Earth are shifted towards pure ν τ flavor when the anomalies are disregarded. The reason is that limits on θ 14 and θ 24 are more stringent in this case, while constraints on θ 34 are not affected by the anomalous data sets.
Even though we have considered scenarios with initial flavor composition (0 : 0 : 0 : 1) in figs. 2 and 3, we have emphasized that a purely sterile initial flux is not very likely, neither from a theoretical point of view nor from looking at the IceCube data. Therefore, we illustrate in fig. 4 how the predicted flavor fractions at Earth change as a function of the ν s admixture to the initial flux. The two parameterizations for the initial flavor composition shown in this figure, (
: 0 : x) and (0 : 1 − x : 0 : x) correspond to an admixture of sterile neutrinos (e.g. from DM decay) to an astrophysical flux from pion decay, or from pion decay with strong muon energy loss (muon-damped source), respectively. : 0 : x), with 0 < x < 1. An initial flavor composition of this form could arise, for instance, from an astrophysical flux from pion decay plus a ν s flux from dark matter decay. In panel (b) we use the parameterization (0 : 1 − x : 0 : x) with 0 < x < 1 for the initial flux, corresponding for instance to a muon-damped astrophysical source plus ν s from DM decay. The parameter points shown in both panels correspond to the 95% credible interval.
IV. DARK MATTER DECAY AND FITS TO ICECUBE DATA
To illustrate how flavor ratios of high-energy neutrinos can be used to probe and discriminate between particle physics models, we discuss in the following two toy scenarios in which neutrinos are produced not only by conventional astrophysical sources, but also in the decay of PeV-scale DM particles. The two toy models of interest to us are:
• Model 1: Heavy right-handed neutrino DM.
In this scenario, the DM particles N are fermionic and are total singlets under the SM gauge group. They are allowed to decay to SM particles via the neutrino portal interactions
Here, H is the SM Higgs boson,H = iσ 2 H * , and L α is the SM lepton doublet of flavor α. We assume that the couplings of N to first and second generation leptons are suppressed (y τ y e , y µ ). With this assumption, the model predicts that in half of the N decays, a monoenergetic tau neutrino with initial spectrum dN ν /dE ν = δ(m DM /2 − E ν ) is produced. Here, m DM is the mass of the DM particle N . Note that the model also predicts a secondary neutrino flux at lower energies, coming from decays of the Higgs boson produced in association with the monoenergetic neutrinos, the decay products of the W bosons produced together with charged leptons, and from the decays of Z bosons. We compute all secondary neutrino fluxes using ref. [70] (with electroweak corrections based on ref. [71] ) and cross-checked with those presented in [72, 73] .
We require that y τ is tiny, so that the lifetime of N [72] ,
is much larger than the age of the Universe and that gamma ray constraints are satisfied [73] . The N mass is taken to be O(PeV). The smallness of y τ could for instance be explained in scenarios with warped extra dimensions, where the wave function overlap between SM fields living on the infrared brane and N living on the ultraviolet brane can be minuscule.
• Model 2: Scalar DM decaying to sterile neutrinos. This model is based on the Yukawa interaction
where φ is the scalar DM particle with mass m DM ∼ O(PeV) and ν s is eV-scale sterile neutrino introduced in section II. We again assume the Yukawa coupling y 2 to be tiny so that the lifetime of φ,
is much larger than the age of the Universe. The sterile neutrinos ν s are assumed to mix with the active ones to lead to observable signals in IceCube.
In computing the expected neutrino fluxes at the detector, we need to distinguish between neutrinos from DM decay in the Milky Way and neutrino from DM decay in distant galaxies. The galactic component of the flux is not affected by redshift, while the energy spectrum of extragalactic neutrinos is smeared out towards lower energies because of contributions from high-redshift galaxies. The differential flux of galactic neutrinos from DM decay can be written as [74] [75] [76] [77] [78] [79] 
where dN ν (E ν )/dE ν is the initial neutrino spectrum at production. For neutrinos from extragalactic DM decay, we have instead [75] 
where Ω DM , Ω m , and Ω Λ are the dark matter density, total matter density, and dark energy density of the Universe, respectively, all expressed in units of the critical density ρ c . Moreover, z is the redshift, and E ν is the neutrino energy at Earth, after redshifting. Note that we have assumed the Universe to be perfectly transparent to neutrinos, which is usually a safe assumption [75] . We will fit four-year high energy starting events (HESE) data from IceCube [33, 80] as well as two years of through-going muons (TGM) data [81] . Note that we do not make use of the more recent 6-year TGM analysis [82] which, unlike the 2-year one [81] , is not accompanied by a full digital data release. In particular, the response tensor A eff (E µ , E ν ), which relates the true neutrino energy E ν to the reconstructed muon energy E µ , is not available. For HESE data, we make the simplification of equating the true neutrino energy and the electromagnetic energy deposited in the detector.
The total number of DM-induced HESE events expected in IceCube in an energy interval [E a , E b ] is obtained as
where ∆t is the length of the data taking period, A eff (E ν ) is the energy dependent effective area of the detector [32] , and ∆Ω is the solid angle range to which the experiment is sensitive. For high energy starting events, we have ∆Ω = 4π. The superscript "osc" in dJ osc extragal /dE ν and dJ osc gal /dE ν denotes that neutrino oscillations are taken into account in these fluxes (as opposed to eqs. (12) and (14), which give unoscillated fluxes). For model 1, we use the best fit oscillation parameter values from [67] , while for model 2 we use the best fit parameter set from our sterile neutrino fits, based on [47] .
Regarding TGM, the corresponding event number in i-th reconstructed muon energy bin can be expressed as
Here, the index f denotes the neutrino flavor at Earth. Note also that the response tensor A f eff (E µ , E ν ) (which here has been integrated over zenith angles) is different for data taken in 2010 and data taken in 2011. Therefore, we compute the two contributions separately, and then sum them. Note that ∆Ω = 2π here since only upward going muons can be reliably distinguished from background. With only 2π of sky coverage, also the numerical prefactor in eq. (12) changes. Numerically, we obtain 1.28 × 10 −5 cm −2 s −1 sr −1 for the TGM analysis.
For the primary spectrum of the astrophysical component of the neutrino flux, we consider a simple power law,
with normalization J 0 (in units of GeV −1 cm −2 sec −1 sr −1 ) and power law index γ. For the astrophysical flux, we assume a flavor ratio of (1 : 1 : 1) at Earth, and we assume equal fluxes of neutrinos and antineutrinos. The total number of measured events from astrophysical sources is obtained in analogy to eqs. (15) and (16) .
We use the log likelihood ratio (LLR) method to determine the parameters in our toy models. The LLR is defined as
Here, f Gauss (x) is a normal distribution in x, with zero mean and variance 1, and f Poisson (µ|n) = µ n e −n /n! is the Poisson likelihood function. S i (m DM , τ DM , J 0 , γ) is the predicted signal event rate in the i-th bin (including astrophysical and DM-induced contributions), B i is the atmospheric background, and ∆B i is its uncertainty. Finally, O i are the observed event rates. We compute the log-likelihood ratios for both HESE and TGM data and sum them up: [33, 80] (top) and two-year TGM (through-going muon data) [81] . The model parameters (indicated in the plots) are given by the best fit point of a combined fit to HESE and TGM data.
The results of our fit are shown in figs. 5 and 6. In fig. 5 we compare the predicted signal and background fluxes at the respective best fit points for model 1 and model 2 to IceCube data. Overall, we find an excellent fit, showing that the IceCube data admits (and in fact prefers) an admixture of neutrinos from DM decay to the astrophysical neutrino flux. This is also evident from fig. 6 , where we explore the preferred parameter regions in more detail. We see that the fit, which is driven by the HESE data, prefers DM masses around a few PeV. In this case, the HESE events above 1 PeV could be explained as coming from DM decay, while the lower energy excess events would be explained by astrophysical sources. Note that the astrophysical power law index γ required to fit the data is fairly independent of the DM parameters, hence we do not show it explicitly in fig. 6 . Note that the log-likelihood ratio at the best fit point of model 2 is 50, with the contribution from HESE data being 35 and that from TGM data 15. A HESE-only fit yields a LLR of 38 at its best fit point, and a TGM-only fit yields 19. The fact that the sum of the last two numbers, 57, is larger than the LLR at the combined best fit, indicates some tension between the TGM and HESE data sets when interpreted in terms of astrophysical neutrinos plus a contribution from DM decay. This tension is mostly driven by the astrophysical component of the flux, and was found also by the IceCube collaboration in studies where a neutrino flux from DM decay was not considered [69, 82] .
V. SUMMARY AND CONCLUSIONS
In summary, we have explored the possible impact of light sterile neutrinos on the flavor ratios of astrophysical neutrinos, measured by neutrino telescopes. We have seen that the accessible regions in the flavor triangle are enlarged, though not dramatically. The reason are the relatively stringent experimental constraints on active-sterile neutrino mixing, which we take into account by running a full global fit to short and long baseline data.
We have then discussed the interesting possibility that the initial flux of astrophysical neutrinos at production is purely sterile. While this is probably not true across the energy spectrum, it can happen in a limited energy window, namely, in scenarios where dark matter decays predominantly to sterile neutrinos and dominates the neutrino flux in some energy range. In this case, the flavor ratios at Earth can be very different from those in the 3-flavor case. The accessible region in the flavor triangle is then shifted towards pure tau flavor, as constraints on ν τ -ν s mixing are weakest.
To illustrate what it takes to obtain an unusual initial flavor composition, we have carried out in the second part of the paper a fit to IceCube data in two dark matter toy models: (1) decay of total singlet DM, N , via an operator of the formLHN , which can lead to a primary flux dominated by ν τ at E ν ∼ m DM /2. (2) decay of scalar DM to sterile neutrinos. We have considered high energy starting events (HESE) and through-going muon (TGM) data. As flavor ratios do not have serious model discrimination power yet, we have only fitted the energy spectra. In both toy models, we have found excellent fits to the data, and we have explored the viable parameter space. This highlights that the two toy models we consider could be possible targets for future analyses of IceCube or IceCube Gen-2 data, which could then also take into account the flavor composition as a function of energy.
